(Received 24 May 1950) As phosphate derivatives form such important intermediates between the functioning of tissues and the metabolism which supports function, we decided to investigate the levels of certain phosphates in brain slices before and during metabolism in vitro. Investigation of this type appeared all the more necessary because there is now an extremely interesting group of observations on the levels of phosphorus derivatives in the brains of experimental animals, before and after they have been subjected to various treatments. (For references and an assessment see Mcllwain, 1950 ; some results are quoted in Table 3 of the present paper.) The substances which have been determined following in vivo treatment of animals have included inorganic phosphate, creatine phosphate, and adenosine phosphates; and the treatments during which marked changes in these have been observed have included narcosis and induced convulsions. During these processes, the phosphate fractions in which greatest change has been observed have been inorganic and creatine phosphates, and we have accordingly commenced our studies by examining these compounds.
In contrast to the data available from experiments in vivo, relatively little information is available of the concentrations of phosphates during in vitro metabolism of, for example, brain slices, though Macfarlane & Weil-Malherbe (1941) studied some of these compounds, especially during anaerobic glycolysis, in investigating the course of glycolysis. This deficiency is probably due to the extremely rapid changes which have been reported to take place in these substances, following death or injury to the head. We have fully confirmed the rapidity and magnitude of such changes, but have also found that when brain slices are prepared and maintained under conditions normally regarded as satisfactory for metabolic studies in vitro, the changes in phosphates in many cases ceased and could be reversed. Relatively stable levels in inorganic and creatine phosphates were found, which were to some extent characteristic of metabolic conditions, and which could approach those normal to the tissue in vivo.
This study includes a subsidiary investigation into procedures for determining inorganic or creatine phosphates in small quantities oftissue. Two methods have been used. The first was an application of the well established calcium-ethanol separations, but determining, as well as phosphates, the creatine of creatine phosphate, precipitated at pH 8-2-8-5 by calcium salts in 80 % ethanol. The second depended on the determination of inorganic phosphate under both Fiske & Subbarow's (1925 , 1929 conditions and under those of Lowry & Lopez (1946) . The difference between the two values gave the phosphates with the lability of phosphocreatine.
Because of its convenience for metabolic studies we have largely employed guinea pig brain cortex during the present work. We have also determined the levels of phosphates in vivo in this species by the same methods as employed for the levels in vitro.
EXPERIMENTAL
Tissue for phosphates of brain after rapid fixing. (Guinea pigs weighing 250-350 g. were used, fed on a mixed diet.)
Trichloroacetic acid was contained in a series of test tube homogenizers, and these were weighed, together with their pestles, and cooled in ice water. To obtain values for normal animals, the whole guinea pig, with minimum preliminary handling, was dropped head first into about 500 ml. liquid 02 in a 1 quart wide-necked Thermos flask. After about 3 min. it was removed, held with a cloth, hair scraped from the head with a knife, and the skull opened with a i in.
(10 mm.) firmer chisel already cooled in liquid oxygen. Pieces were chipped from the brain with a cold 1 in. or -1-in. gouge and about 0-2 g. dropped into the trichloroacetic acid of each of the homogenizers. As far as possible, cortex was taken, but dissection was not accurate. Each specimen was homogenized immediately after its addition and the homogenizer returned to ice water. When all specimens had been taken the homogenizers were reweighed, their contents filtered and phosphates determined as described below.
To obtain values after decapitation, animals were guillotined, the head dropped into liquid air after the desired interval, and specimens taken as before.
Tissute for metabolic experiments. An animal was decapitated, the brain removed, and slices of about 0-35 mm. thick cut from the cerebral hemispheres, using a strip of safety-razor blading and a recessed microscope slide as guide. In some cases a Stadie & Riggs (1944) cutter was used. In a few experiments (indicated) the blade was used dry, the slices picked from it with a tared platinum carrier and weighed on a torsion balance before use. Normally, however, the blade was moistened with the saline used in the later part of the experiment, and immediately after cutting each slice it was floated to a dish of the same saline through which the appropriate gas was passing. They were then picked from the dish with the carrier, adhering saline removed on moist, hardened filter paper or on a porcelain surface, the carrier and slice weighed, and the slice placed in saline in a Warburg vessel or analysed immediately. The times involved in these operations are quoted in the relevant tables. In some cases the slices were weighed at the end of the experiment, after draining on a glass or porcelain surface.
Salines and conditions of metabolism. Glycylglycine-saline contained: NaCl, 0134M; KCI, 0-0054M; KH2PO4, MgSO4 and CaCl2, 0-00134M, and glycylglycine brought to pH 7-4 with NaOH, 0 05M. Glycine, treated similarly, replaced glycylglycine in a few experiments. Bicarbonate-saline contained: NaCl, 0-124M; KCI, 0 005M; KH2PO4, MgSO4, and CaCl2, 000124M; NaHCO3, 0021M and was gassed with 5% (v/v) CO2 in 02. Glucose was used as substrate at 0012M and D-glutamic acid, neutralized with NaOH, at 0-02M.
In most cases the salines (3 ml.) were contained in conical Warburg vessels of approx. 20 ml., the slices added to them, and gas changes foliowed at 370 by the usual procedures for 15-150 min. The slices were then removed with a mounted, bent platinum wire, drained and sometimes reweighed, and dropped into extracting fluid. Typical experiments involved five or six slices, of which two were controls and others contained the substances under investigation, and in handling such a series each flask was kept in the bath, shaking, until the moment when the slice could be removed and homogenized (see below).
For larger scale experiments in which creatine phosphate was separated, some six or eight slices (total fresh weight about 0 35-0 5 g.) were added to 15 ml. of metabolic medium in a manometric vessel of about 100 ml. At the end of the experiment, any absorbing agent in the centre well was removed, and the slices separated by pouring into a small conical Buchner funnel. They were picked from this with a bent wire, being drained on the porcelain as they were removed. By means of the wire, they were transferred to homogenizer tubes containing deproteinizing agent, already weighed together with their pestles. The tissue was transferred and homogenized as rapidly as possible and after this the tube reweighed to give the weight of tissue.
Determination of inorganic phosphate and phosphocreatine by calcium-ethanol precipitations
These methods have been applied to brain in most detail by Kerr (1935) and Stone (1940 Stone ( , 1943 Inorganic phosphate. The measured portions of supernatants were transferred to further homogenizer tubes calibrated at 3-6 ml. These were already cooled in ice water and 1 drop of 0-1% phenolphthalein was added. With the homogenizer running, solid Ca(OH)2 was added gradually until in slight excess. The pestle was washed with water, making the volume 3-6 ml. Ethanol (0-4 ml.) was then added and the tube left in ice for 15 min. The ethanol had been made just alkaline to phenolphthalein by NaOH. The tube was then centrifuged, the supernatant kept for the determination of creatine phosphate, and the tube drained to leave the precipitate. Inorganic phosphate was determined in the precipitate according to Fiske & Subbarow (see Hawk, Oser & Summerson, 1947) .
Creatine of phosphocreatine. This was determined, after conversion to creatinine (see Bonsnes & Taussky, 1945) , by the Jaffe reaction. 3 0 ml. of the supernatant after precipitation of inorganic phosphate (and other phosphates) was pipetted to a glass-stoppered tube holding about 20 ml. and calibrated at 10 ml., and 15 ml. of neutralized ethanol added. The supernatants were now adjusted if necessary to the same pH (faintly pink) by NaOH, and left overnight (16-18 hr.) in a refrigerator. In the morning their pH was, if necessary, readjusted with N-NaOH (about 0-01-0-02 ml.) and if adjustment had been made they were left for a further 1 hr. at 00. The tubes were then centrifuged and the precipitate drained from the supernatant liquid. The precipitate was dissolved in 1-0 ml. 0 2N-HCI and, if the phosphate of creatine phosphate was to be determined, a sample taken at this point. The portion chosen for creatine determination in the original tube was autoclaved at 15 lb. for 20 min. The tubes were cooled on removal, and 2-0 ml. 1 % (w/v) picric acid, followed by 1-0 ml. 5% (w/v) NaOH, was added. The tubes were left 15 min. after mixing, and then made up to the 10 ml. mark with water. They were read against a reagent blank in an absorptiometer using Ilford 604 filters (green, maximum absorption at 520 m,u.).
Phosphate of phosphocreatine was determined in the sample taken, as described above, by Fiske & Subbarow's method.
Determination of inorganic phosphate and phosphates with the lability of creatine phosphate, without chemical separation (method of differential stability)
The method of Fiske & Subbarow (1925 , 1929 , when applied to biological materials, determines, as well as inorganic phosphate, certain phosphate derivatives which are easily converted to inorganic phosphate by the acid molybdate solution used as reagent. Phosphocreatine is the best known derivative of this type. Kerr (1935) characterized the phosphates of this lability present in trichloroacetic acid filtrates of brain, as creatine phosphate. This was done by the solubility of Ca and Cu salts and their analysis for creatine and P; by the rate ofcatalysed and non-catalysed hydrolysis; and by isolation of the Ca salt. Application of the method of Fiske & Subbarow to trichloroacetic acid filtrates of brain preparations will thus determine inorganic plus creatine phosphates, and many of the observations of Tables 2 and 3 have been based on this. Determination of true inorganic phosphate has commonly been made after separation from creatine phosphate by precipitation with Ca or Ba and ethanol similar to that described above. Lowry & Lopez (1946) have described conditions under which 'true' inorganic phosphate can be determined in the presence of creatine phosphate. They described application of the method to various tissue extracts, including trichloroacetic acid filtrates of brain, and concluded that substances such as acetyl phosphate were absent from the filtrates. Combination of this method with Fiske & Subbarow's appeared to us the simplest way of determining these two substances. We were glad to have also the opinion of Dr M. G. Maefarlane in this connexion. If this combination of methods were applicable to brain slices, it would avoid two Ca-ethanol precipitations and enable smaller quantities of tissue to be handled. We have, in general, found it to be applicable.
In applying Lowry & Lopez's (1946) method to brain extracts, optical density readings with each specimen were taken at 5 and 10 min. as recommended by the authors. The two readings were normally the same. Sometimes a small increase was observed. Usually when this happened, the same increase was found in the readings of the reagent control, so that the corrected readings remained steady; a fresh batch of reagents then commonly gave steady readings with the same brain extracts. In a few cases with extracts of fresh brain a slow increase in values, not paralleled by the control, was found. In these cases the procedure recommended by Lowry & Lopez (1946) was followed: readings were extrapolated to zero time, and the value so obtained regarded as true inorganic phosphate. This correction was necessary in only about 5 % of the determinations made.
Application of method to mixture of inorganic and creatine phosphate8. In applying their method to trichloroacetic acid filtrates of brain, Lowry & Lopez (1946) recommended dilution of the ifitrates to some 150-250 times the volume of the original tissue. We accordingly attempted to apply the combination of methods to concentrations of inorganic and creatine phosphates which might be expected to be present in filtrates diluted to this extent. Creatine phosphate was prepared according to Ziele & Fawaz (1938) and purified by precipitation as Ca salt from ethanol (Fiske & Subbarow, 1929) . It still, however, contained a little inorganic phosphate. The solutions indicated in Table 1 were prepared, and their phosphate determined by the two methods. In spite of the small quantities concerned, the recovery of added inorganic phosphate and the determination of creatine phosphate in its presence are seen to be accurate to within 6%.
Phosphates in tissue 8lice8. A series of test tube homogenizers containing 3-3 ml. ice-cold 5 % trichloroacetic acid was prepared. As soon as shaking in the manometric experiment stopped, a vessel was taken from the bath, its slice picked on a mounted, bent platinum wire, drained in the flask, dropped into a tube and homogenized. Shaking of the other vessels continued until their slices also were homogenized. Homogenizing occupied only some 10 sec.; the whole operations with six vessels occupied about 7 min. When all slices had been homogenized the mixtures were filtered through fluted papers, in a refrigerator, to test tubes standing in ice. For inorganic phosphate, 1 ml. filtrate was pipetted into a glass-stoppered test tube in ice, 0-26 ml. N-NaOH (kept in waxed bottle) added to neutralize the trichloroacetic acid, and the volume made to 10 ml. with 0-l -sodium acetate of pH 4-0. Of this mixture, 3 ml. was mixed in a cell of a Beckman photoelectric absorptiometer (model DU) with 0-3 ml. of a fresh 1% ascorbic acid solution and 0-3 ml. 1% ammonium molybdate. Determination was completed according to Lowry & Lopez (1946) , taking readings at 700 mA. Corrections were applied for cell characteristics; reagent blanks were normally negligible. A standard was included with each set of determinations, and this was normally very close to a standard curve which had been established at the beginning of the investigation and which was checked at intervals.
For inorganic and creatine phosphate, 1 or 1-5 ml. of the trichloroacetic acid was taken, 1 ml. of the ammonium molybdate and 0-4 ml. of the aminonaphtholsulphonic acid reagents added (Hawk et al. 1947) , the volume made to 10 ml. with 10% (w/v) trichloroacetic acid, and readings taken after 15 min.
Expression of tissue concentrations
The weights quoted for slices are, unless otherwise described, those after floating the slices in saline and then draining from excess saline. Such slices were known to increase in weight during metabolic experiments (Elliott, 1946; Stern, Eggleston, Hems & Krebs, 1949) . The mean increase during typical instances in our experiments were: with glycylglycine buffer, glucose as substrate, aerobically for 75 min., 32%; with bicarbonate buffer and glutamate as substrate, aerobically for 75 min., 36%. These are comparable to those found by Stern et al. (1949) . We have not determined the weight of the slices at the end of each manometric experiment, because we have found that the slices became more fragile during manometric experiments and to drain them adequately was apt to involve some damage to them, and occupied a time of about 20 sec. during which the slices were not provided with substrate and were at an indefinite temperature. Knowing the lability of phosphates under such conditions, we RESULTS Determination after rapid freezing Phosphate8. Levels ofphosphate fractions in brain of several animal species have already been studied. Kerr (1935) first developed adequate methods of fixing the tissue by using liquid air and the value of this method has been confirmed by other workers whose results are quoted in Table 2 Kerr (1935) preferred to drain the slices rapidly (about 2 sec.), but possibly less completely, against the walls of the vessels and not to weigh them.
The expression of concentrations of tissue constituents in terms of the original weight of tissue, which we have adopted, ensures that the quantities of substances are referred to a given weight of metabolizing tissue. We consider that this expression is more significant than one in which they would be referred to a final weight which would include additional material. It is not known how the additional material is associated with the tissue and it is difficult to say whether the swelling should be regarded as intra-or extra-cellular (for some related observations see Dodgson, 1948 Table 3 .
Creatine of creatine pho&phate. Similar changes were found when creatine phosphate was followed by determining the creatine precipitable by calcium salts and ethanol. When intact animals were frozen some 100 ug./g. of phosphocreatine were found ( (Table 5) .
Phosphates in freshly cut cortex slices The inorganic phosphate P of slices cut dry, and fixed in trichloroacetic acid 8-20 min. after death of the guinea pig, was found to be 300-480,g./g. or some three times that normal to the tissue (Table 4) .
When the slices were cut moist and left in saline solutions at room temperature for short periods, such as those incidental to metabolic studies, both these values and the values for phosphocreatine were lower. They were also very variable, especially in phosphocreatine (Table 4) . Although both values fell, the ratio between inorganic and creatine phosphates remained erratic and several times that observed in vivo. During the preparation of slices for metabolic studies, therefore, creatine phosphate has been lost. Inorganic phosphate has been temporarily raised and then lowered to values which, however, remain greater than those normal to the tissue. The level of inorganic phosphate P which was left in the slices (150-230,g./g.) remained markedly higher than that of the saline in which they had been placed (initially 38-5 or 41-5,ug Calcium-ethanol precipitation. The specificity of the method, when applied to trichloroacetic acid extracts ofbrain tissue following in vitro metabolism, was first examined. Table 5 shows that when small quantities of creatine, creatinine and creatine phosphate were added to such extracts, only creatine phosphate led to increase in creatine in the 80 % ethanol precipitate. Creatine phosphate also led to an equivalent increase in the phosphate determinable by Fiske & Subbarow's method in the precipitates; recovery, judged by either determination, was good.
satisfactorily precipitated when added to such extracts. However, we did not find conditions under which a proportion of added creatine was not also precipitated. When the method was applied to simple solutions of comparable quantities of creatine and creatine phosphate, both substances were precipitated. Less creatine was precipitated in the presence ofglycylglycine or inorganic phosphate. The application to tissue extracts presumably depends on the presence of associated materials; we have not, therefore, reported results in detail. Table 5 also shows that creatine phosphate reappears in slices after in vitro respiration under a variety of conditions. The differences under the different conditions are discussed below. Creatine phosphate did not reappear anaerobically or (Buchel & Mcllwain, 1950) aerobically in the presence of certain inhibitors.
Precipitation ofmaterial in the trichloroacetic acid filtrates as copper salts was also investigated. Fiske & Subbarow (1929) stated this to be especially suitable for differentiating between creatine and creatine phosphate in muscle extracts, and Kerr (1935) applied the findings to brain extracts. In our experiments, copper salts under Fiske & Subbarow's conditions were found to precipitate about the same quantity of creatine from extracts of brain as did calcium-ethanol. Creatine phosphate itself was Biochem. 1951, 48 Creatine phosphate determined as Inorganic , Pho8phate,8 in 8lice8 after metabolism in different 8oZution8 Many determinations by the method ofdifferential stability have shown that the inorganic phosphate and phosphocreatine ofslices reach stable levels after in vitro metabolism. The data of Table 6 illustrate this. After 75 min. respiration with glucose as substrate in glycylglycine-buffered saline, 15 values are available from slices in independent experiments with different guinea pigs. These gave as mean values for inorganic phosphate P, 95,ug./g. (S.D. 9) and phosphocreatine P, . The values at 15, 135 and 195 min. are all close to these averages. The rise in inorganic phosphate and fall in phosphocreatine which occurred shortly after death was thus stopped and even reversed by metabolism in vitro.
Further, the ratio of the concentration of inorganic to that of creatine phosphate became about 2-0, close to its value in vivo, though the levels of both compounds were lower than those in vivo.
The use of bicarbonate as buffer in place of glycylglycine (glucose still as substrate) made only a small change in the levels ofphosphocreatine and inorganic phosphate in the slices. The level of inorganic phosphate in all these cases (approx. 100 ,ug./g.) remained markedly above the level initially present in the saline in which the slices were metabolizing (30-40 pg./ml.).
When glutamate replaced glucose as substrate, with glycylglycine as buffer, characteristic differences were found in phosphate distribution (Table 7) . Inorganic phosphate levels became much higher. The values for phosphates with the lability of phosphocreatine became less constant, falling to about 10 jug./g. after 150 min. metabolism. The rate of respiration with glutamate as substrate was some 20-25% higher than its value with glucose. The effect was also examined of presenting both glucose and glutamate as substrates (glycylglycine as buffer). This gave, at 150 min., levels of both inorganic and phosphocreatine-like phosphates which were characteristic of glucose alone. The rate of respiration was markedly higher than that with either substrate alone (cf. Weil-Malherbe, 1936 Table 5 show that in terms of the observed changes in inorganic and creatine phosphate, slices had lost about 45 ,ug. P/g. Other experiments showed losses of 60-80,g./g. The medium thus gained some inorganic phosphate from compounds other than the inorganic and creatine phos- phates of the slices, but the concentration of inorganic phosphate in the medium was throughout much lower than that of the slice.
DISCUSSION
Resynthesis of creatine phosphate in muscle occurs after its separation from the animal (Meyerhof, 1930) . Kerr (1935) , however, emphasized that the lability of creatine phosphate in mammalian brain is much greater than in muscle, and the impression gained from the papers quoted in Table 3 is that resynthesis of creatine phosphate in brain in vitro would be most unlikely. As various forms of damage and disturbance to the central nervous system lead to lowered creatine phosphate, thin slices of brain might not seem promising material for observation of the resynthesis. Nevertheless, resynthesis has now been demonstrated in respiring slices, and this serves to emphasize the value of tissue-slice techniques and the considerable autonomy ofmammalian tissues from a biochemical point of view. demonstrated comparable phenomena in brain slices with respect to their maintenance of potassium salts.
It appears likely that the rate of carbohydrate oxidation and glycolysis in tissues and the balance between these two processes are conditioned by the concentrations of labile phosphates and their breakdown products (Belitzer, 1939; Johnson, 1941 ; for an assessment in relation to brain, McIlwain, 1950) . Such rates can be remarkably close in tissue slices to those normal to the tissue in vitro (Schmidt, Kety & Pennes, 1945) . This is consistent with the restoration which we now observe in the levels of the phosphates investigated. Loss of phosphate from adenosinetriphosphate also occurs in brain after death (Kerr, 1941) and the resynthesis of creatine phosphate in vitro is probably preceded by resynthesis of adenosinetriphosphate. The equilibria concerned in brain have been considered by and Meyerhof & Wilson (1947) .
The finding of a high rate of glycolysis for a short initial period during aerobic metabolism of brain slices (see, for example, McIlwain & Grinyer, 1950) beginning of such experiments. Because of the possible role of inorganic phosphate in regulating carbohydrate metabolism it is interesting to compare the concentrations which we find in brain slices with those known to affect intermediary metabolism in brain preparations. The concentrations which we find are about 5 x 10-3M in normal brain, increasing to 12 x 10-3M with damage. Banga, Ochoa & Peters (1939) found the respiration of brain dispersions to increase with phosphate concentrations especially over the range 1 to 20 x 10-3M. Long (1945) found a reduction of methylene blue by fumarate to increase with phosphate over the range of about 1 to 5 x 10-3M, and the formation of pyruvate from fumarate to increase between 1 and 20 x 10-3M phosphate. It is evident, therefore, that the phosphate concentrations of the tissue are such that increase in them can be expected to bring increased carbohydrate metabolism. This is known also to be sensitive to the breakdown products of the labile phosphates, being increased in brain by creatine (see, for example, Meyerhof & Wilson, 1947) and adenylic acid (see, for example, Case & McIlwain, 1950) . Phosphate also activates a glutaminase of brain (Errera & Greenstein, 1949) . The considerable changes in phosphates caused by glutamate appear likely to be related to the effects of this compound on brain respiration (Weil-Malherbe, 1936; Krebs, 1950) and on aerobic glycolysis (WeilMalherbe, 1938) . They are being investigated further. Elliott (1948) has postulated a glutamyl phosphate as intermediate in the synthesis of glutamine in brain, and the evidence of Elliott & Gale (1948) suggests that such a compound may take part in the assimilation of glutamic acid by microbial cells.
The general finding that creatine phosphate is maintained in brain tissue slices has enabled in vitro studies to be made of the mode of action of agents which affect the phosphates in vivo, as will be reported elsewhere. 2. After death, a very rapid fall in phosphocreatine and rise in inorganic phosphate takes place in the brain of guinea pig as of other species.
3. On slicing brain cortex and allowing the slices to respire with glucose under normal metabolic conditions, the inorganic phosphate falls and the phosphocreatine rises until the concentrations approach those normal to the tissue in vivo.
4. The concentrations reached vary with the metabolic mixture.
